This study documented the environmental properties of precipitation systems that produced the July 2018 Heavy Rainfall event in Japan. The gridded analysis data were used to diagnose the potential for the development of convective systems in terms of thermodynamic environmental indices. Precipitable water vapor was extremely larger than that seen in the climatology of warmseason quasi-stationary convective clusters (QSCCs). Such an extreme moisture content was realized by very humid conditions at the middle-levels. In contrast, temperature lapse rate in a convectively unstable layer was not so significant in comparison to the QSCC climatology. Among the environmental indices, K Index was shown to describe the potential for the rainfall development. Based on the analysis, the roles of moisture content and profile on the convection development were discussed. It was suggested that the middle-level high humidity contributes to the occurrence of the present heavy rainfall by minimizing negative effects of environmental mixing and by decreasing vertical displacements to reach levels of free convection. In regions where heavy rainfall occurred, an automated algorithm detected the development of QSCCs, which were mostly categorized as a linear type.
Introduction
Heavy rainfalls often occur during the Baiu season in Japan (e.g. , Tsuguti and Kato 2014) , and some of them spawn floodings, landslides, and other water-related disasters. Recent years faced disaster-spawning extreme events in Japan. In July 2017, heavy rainfall occurred in northern Kyushu, resulting from a long-lasting, linear convective system; the total rainfall exceeded 600 mm in a localized area (Kato et al. 2018 ; Takemi 2018) . While in July 2018, heavy rainfall occurred over widespread areas and caused a large number of fatalities and severe damages (Cabinet Office 2019) . The year 20 18 was marked not only by this July Heavy Rainfall event but also by the subsequent extreme bot weather (Imada et al. 2019 ; Nishi and Kusaka 20 19 ) and a number of extreme typhoon landfalls (Takemi et al. 2019) .
Extreme weather in summer 2018 was a global phenomenon; heat waves and/or extreme rainfalls almost simultaneously developed in regions of the Northern Hemisphere. Komhuber et al. (2019) indicated that the extreme events were connected by a hemispheric wavenumber-7 teleconnection pattern. Liu et al. (20 19) examined the beat wave in northeast Asia in July 2018 and showed that northward shift of the western North Pacific Subtropical High (NPSH), stimulated by an eastward-propagating wave train originated from Europe, was the cause for the beat wave. The large-scale atmospheric conditions for the extreme rainfall and heat wave in July 2018 in Japan were investigated by Shimpo et al. (2019) , who documented that the extreme rainfall was caused by persistent moist airflows and Baiu frontal ascent while the heat wave was due to the enhancement of both surface NPSH and upper-level Tibetan High. In this way, large-scale envi-Corresponding author: Tetsuya Takemi, Disaster Prevention Research Institute, Kyoto U1li\·ersity, Gokasho, Uji, Kyoto 611 -001 1, Japan. E-mail: takenli@storm.dpri.kyoto-u.ac.jp. ronmental conditions have been described.
On the other hand, mesoscale aspects of the July 2018 Heavy Rainfall event have not been well documented. Tsuguti et al. (2018) overviewed the rainfall characteristics in July 2018, but did not examined the environmental features. As demonstrated by Chuda and Niino (2005) , Nomura and Takemi (2011) , and Unuma and Takemi (2016a, hereafter referred to as UT16a; 2016b , referred to as UT16b), diagnosing the environmental properties of convection is useful in order to understand the potential for the development of convective rainfall.
As a preliminary study, we diagnose and document the environmental properties of the July 2018 Heavy Rainfall event in Japan by examining gridded analysis data and compare the properties of the present case with those demonstrated for warmseason, stationary/slow-moving convective systems (called as quasi-stationary convective clusters (QSCCs) in UT16a). A QSCC is defined as a stationary or slow-moving cluster of convective clouds including mesoscale convective systems, rainbands, and other types of convective systems, and is typically a meso-~scale phenomenon with its shape being mostly linearly elongated (UT16a, UT16b). The development of QSCCs observed in this event is further investigated in light of the environmental analyses.
Data and analysis procedure
Three-hourly analysis data from the Mesoscale Model (MSM) of Japan Meteorological Agency (JMA) (Saito et al. 2006 ) were used to describe the environmental properties in July 2018. By focusing on the initial values of the MSM forecasts, we assess the temporal averaged fields during the heavy rainfall event as the background environment smTOunding the rainfall event. In UT16a the convective environments were defined as the conditions before the development of convection. However, in the present heavy rainfall event convection successively developed and was widely distributed over the Japanese islands, and thus the pre-storm environments are not easily defined in a straightforward way. Therefore, this study examines the environmental conditions as the temporal-averaged fields.
Thermodynamic indices and parameters used for diagnosing environmental conditions favorable for the convective development were examined, as in Bluestein and Jain (1985) , Chuda and Niino (2005) , Nomura and Takemi (2011), Takemi (2014) , and UT16a. The parameters chosen here are convective available potential energy (CAPE), convective inhibition (CIN), precipitable water vapor (PW), K Index (KI) (George 1960) , and temperature lapse rate between the levels of 850 hPa and 500 hPa (corresponding well to convectively unstable layer) (TLR; Takemi 2007a , 2007b , 2010 , as computed from the MSM data. For the readers' convenience, the equation ofKI is given here:
where Ts;0, T700, and T;oo refer to temperature at 850, 700, and 500 hPa, respectively, and Td8;0 and Td700 denote dew-point temperature at 850 and 700 hPa, respectively. CAPE was computed by adiabatically raising a parcel whose properties are vertically averaged in the lowest layer below the 950-hPa level, similar to UT16a. In addition to these thermodynamic variables, we examined bulk Richardson number (BRN), as in UT16a, to infer the shape of the extracted QSCCs .
We used the rainfall intensity data from the network of the L @ 0 operational weather radars of JMA to extract QSCCs. The data have a 1-km resolution with 10-rninute inteival; the details of the data are described in UT16a. The UT16a algoritlun was applied to the radar data by setting the UT16a's definition for QSCCs: the contiguous area of precipitation intensity being equal to or larger than 10 mm h-1 is at least 200 km2; at least one grid overlaps between the two time steps; the maximum motion speed is 10 m s-1; the lifetime is resolved at least three time steps. All the times herein are referred to as in Japan Standard Time (JST), 9 hours plus UTC.
Results

E11viro11me11tal conditions
The rainfall distributions in early July of2018 are demonstrated in Fig. 1 . The rainfall amounts were computed by accumulating the Radar-estimated precipitation amount at the 10-minute interval. The pedod is divided into periods of 3-5 July and 5-8 July.
Because of the passage of Typhoon Prapiroon, significant amounts of rainfall <luting 3-5 July occurred on the Pacific coastal regions in southern Japan. After 5 July, the regions of significant rainfall amounts extended in western and central Japan. In the followings, the period of 5-8 July is focused to document the environmental properties.
The environmental parameters were temporally averaged for the pedod of 5-8 July and are shown in become larger with the southern latitude, as in the climatology shown by Chuda and Niino (2005) . Meanwhile, the CAPE values over Japan are not significantly large and comparable to those for the QSCC case in UT16a. CIN is also comparable to the QSCC climatology. In this sense, CAPE and CIN are not so significant for the present event.
In contrast, from East China Sea to western Japan extend areas of high PW exceeding 65 kg m-2 , which is well in the higher range of the QSCC climatological values. For example, the 75-percentile values of PW at FUk.'"lloka and Kagoshima in July are 58 and 59, respectively (UT16a). Kl exceeds 35, which is also much higher than the July means at Fukuoka, Kagoshima, and other sites in Japan. The high-Kl areas also extend from East China Sea toward the Japanese islands, but a distinguishing feature from that of PW is that the high Kl area covers western and central Japan, corresponding well with the heavy rainfall region (Fig. 1 b) . Since PW is a quantity vertically integrated from the surface, the value is generally lower at an elevated location. On the other hand, Kl is determined from temperatures and dew-points at 850, 700, and 500 hPa, and hence is not so affected by the ground elevation. This is a reason why the areas of high Kl, rather than high PW, correspond well with the heavy rainfall region.
Because Kl is partly determined with the temperature lapse rate in the 850-500 hPa layer, TLR is further examined. In Fig.  2e , the absolute value of TLR is seen to vary around 5.5, a little higher than, but almost comparable to the QSCC climatology. Therefore, the conttibution to higher Kl is mainly from higher dew-points at 850 and 700 hPa.
BRN is less than 10 over the land regions of Japan while is 10-40 off the coasts of Kyushu and Shikoku (Fig. 2f ). BRN is generally quite large over the ocean to the south of Japan, because of larger CAPE ( Fig. 2a ) and low-shear environment under NPSH. From Fig. 2 , PW and Kl are found to charactetize the significance of the environmental properties for the present heavy rainfall event. Based on this, the PW and Kl maxima during the period of 0000 JST 5 and 0000 JST 8 July are further examined. Figure  3 exhibits the spatial distributions of the PW and Kl maxima, indicating that the PW maxima are well over 70 and the Kl maxima exceed 40 in some locations. Those values are exceptionally larger than the values for QSCC (UT16a).
From these analyses, the large amount of moisture characterizes the condition of the present heavy rainfalls. UT16a indicated that higher amounts of PW for the QSCC environments are due to higher amounts of moisture in the middle layer above the 700-hPa height. As in tropical convection in which higher moisture content is favorable for deeper clouds (Takemi et al. 2004 ; Derbyshire et al. 2004; Kikuchi and Takayabu 2004; Takemi 2015) , UT16a emphasized that higher moisture at middle-levels (i.e. , the 3-5 km layer in UT16a) is favorable for the QSCC development. Thus, middle-level re lative humidity (RH) fields are demonstrated here. Figure 4a shows the mean RH averaged vertically in the 700-300 hPa layer and during the petiod from 0000 JST 5 July to 0000 JST 8 July 20 18. A band of higher RH exceeding 80% covers the most part of western and central Japan, corresponding well with the region of high Kl (Fig. 2d) . The middle-level RH is also greater than the QSCC means at Kagoshima where RH is well below 80% above the 600-hPa level (UT16a). Thus, the mean RH of 80% or higher represents an extremely moist condition. Such a moist middle layer indicates a contrasting feature from that seen before 0000 JST 5 July. Figure 4b indicates that the middle-level RH is drier during 3-5 July than <luting 5-8 July.
The temporal variation of the middle-level RH is shown in terms of the time and latitude diagram (Fig. 5 ). The extremely moist middle layer <luting 5-8 July is seen to be resulted from the merger of middle-level moist regions from the north and the south as seen in the period from 0000 JST to 1200 JST 5 July; after this period the condition of higher RH becomes stationary in the latitudinal region of 32° and 36°N. The radar/raingauge analyzed rainfall agata 2011) is overlaid in Fig. 5 . After the merger of the two moist regions, higher rainfall intensities are seen after the time when the middle-level RH exceeds 90%.
The contribution of a layer moisture content to PW in the (a) . . 130°E-l32.5°E longitude is shown in Fig. 6 . In the lower layers of 1000-900, 900-800 and 800-700 hPa, the contributions before the noon of 5 July are around 25 , 20, and 18%, respectively, which are slightly lower than or equal to the modes for the QSCC environments found in UT16a. In contrast, the contributions for the middle layers of 700-600 and 600-500 hPa are respectively around 15 and 10%, higher than the modes for the QSCC cases. Although the moisture content itself is larger at the low-levels than at the middle-levels, the relative contribution of middle-level moisture is high, compared to the QSCC climatology. We have also examined the contributions of layer moisture contents to PW in different longitudinal bands of 132.5°E-135°E and 135°E-137.5°E (see Fig. 1 for these regions) and found features similar to those shown in Fig. 6 . Therefore, the high contributions of middle-level moisture during the present rainfall event are commonly seen in the western part of Japan.
Quasi-stationary convective clusters
First, we applied the UT16a algorithm to the radar data for the period from 0000 JST 3 July to 0000 JST 5 July and found that the number of detected QSCCs was only 2. This suggests that the environmental condition during this period is not favorable for their developments.
We then extracted QSCCs during the period from 0000 JST 5 July to 0000 JST 8 July and found that the extracted number was 25. The spatial distribution of the QSCC occurrence is demonstrated in Fig. 7 . QSCCs distribute in western and central Japan, in accordance with the region of the heavy rainfall. Note that the propagating speeds of ninety-three percent of the extracted QSCCs exceed the mean value of 5.6 m s· 1 found in UT16a. This seems to be consistent with generally low BRN environments (as compared to UT16b), because strong shears may provide background flows to make QSCCs move faster even when the maximum motion speed is limited to 10 m s-1 .
The difference in the number of the QSCCs between the periods before and after 0000 JST 5 July implies that the environmental condition, especially larger PW with mo ister middle-levels, during 5-8 July is more favorable for the QSCC development than that of 3-5 July. We also examined the shape of the extracted QSCCs by using the UT16b algorithm which fits the QSCC shape to an ellipse and found that the algorithm successfully determined the QSCC shape for 19 cases out of 25 during the period of 5-8 July. Among the 19 QSCCs, 18 cases were shown to have a linear shape (which is defined as having the major-minor-axis ratio of the fitted ellipse equal to or greater than 1.4 ). This result is consistent with the finding of UT16b. Lower BRN environments are suggested to provide favorable conditions for linear QSCCs.
Discussion
The present environmental analysis indicated that a higher amount of moisture along with a humid condition in the middle layer are closely related to the present heavy rainfall event. According to Sekizawa et al. (2019) , such an extremely moist condition was generated by enhanced moisture flux from the south toward the Japanese islands, induced by anomalous oceanic evaporation due to intensified low-level winds from the surface to the 925-hPa level and positive anomaly of sea surface temperature, and the enhanced moisture convergence in western Japan. Shimpo et al. (20 19) indicated that low-and middle-level southwesterlies from enhanced convection in the southern East China Sea and low-level southerlies from NPSH jointly bring the extreme amount of moisture to Japan. These larger-scale circulation features generate the mo ist environment favorable for the heavy-rain-producing convective systems. The present analysis clearly demonstrates that the extremely moist condition characterizes the potentially unstable environment for convective outbreak.
Possible reasons why the very humid condition is favorable for convective development are discussed here. One reason is because a mo ist environment minimizes negative effects of mixing with drier airs outside clouds, as in tropical convection. As indicated in Takemi (2006) and Takemi (2007a) , moister environments promote stronger convection than drier environments, if the temperature lapse rate is unchanged. In the present heavy rainfall event, the temperature lapse rate is mostly similar to the QSCC climatology, and hence a tropospheric mo isture profi le plays a role. Another reason is that the vertical displacements required for boundary-layer air parcels to reach their lifting condensation levels (LCL) and levels of free convection (LFC) are very small, and therefore small amounts of trigger would be sufficient to kick off convection. The idea that smaller vertical displacements to reach LCL/LFC are favorable for convective development was emphasized by Takemi and Satomura (2000) in their squallline development theory in drier environments. This theory will explain the development and maintenance mechanisms for the present rainfall event. This should be further investigated by numerical experiments.
The analysis on the occurrence of QSCCs indicated that the extracted QSCCs during the present heavy rainfall event have faster propagation speeds than those identified by UT16a. As indicated in UT16a, QSCCs in a faster-moving category have larger precipitation area than those in a slower-moving category. Therefore, such QSCCs are considered to be potentially hazardous through producing widespread rainfall.
Conclusions
This study documented the environmental properties for the occurrence of convective systems that produced the extreme rainfall of July 2018 in Japan. The analysis of the environmental parameters typically used to diagnose the potential for the convective development indicated that PW is significantly larger than that found for the QSCC environment. An extremely humid condition at the middle-levels was identified as a characteristic feature for the high PW condition. Among the environmental parameters examined, higher KI was found to correspond well with the region of the heavy rainfall. Because the temperature lapse rate in a convectively unstable layer was not significant, the high RH condition at the middle-levels led to the higher value ofKI.
Although Kl was one of the classic indices, the utility of Kl seems not to be well recognized in studies of convective systems. Takemi (2007a) , omura and Takemi (2011 ), Takemi (2014) , and UT16a indicated the usefulness of this index to diagnose the mesoscale environment for the development of convective systems. The index can also be used to describe the potential for thunderstorm development under global wruming (Takemi et al. 2012; Takemi 2012) . The present analysis demonstrated that KI is useful in diagnosing the occurrence of the present heavy rainfall event. Practically, a combination of Kl with other indices related to wind speed ancVor vertical wind shear may help to increase the validity to diagnose the potential condition for the convective development.
There were 25 occurrences of QSCCs during the period from 0000 JST 5 July to 0000 JST 8 July, in accordance with the locations of the strong rainfall. Most of them have a linear shape and move relatively fast compared to the QSCC standard, probably owing to the lower BRN environments.
Possible roles of the humid condition in developing convection were considered to be firstly to minimize unfavorable effects of mixing with the surroundings and secondly to decrease the vertical displacements required for boundary-layer air to reach LCL/LFC. This point should be numerically investigated in future studies.
